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Abstract

We present an equivalent medium model that considers emission from the flame volume to compute spectral radiation
intensities. This is considered a more detailed description than common radiation models used in fire safety applications,
which often treat the flame as a grey emitting surface. Given its importance in fire radiation, the present study
focuses on emission by soot. The required parameters for the model are an equivalent absorption coefficient, and an
equivalent temperature. They were determined using two independent measurements, namely multispectral opacimetry,
and infrared spectrometry. Results are presented for kerosene pool fires (widths from 30 cm to 250 cm). It is shown that
the equivalent temperature can be considered independent of flame size, and thus an intrinsic parameter of the fuel.
These results also make clear that radiation emitted from the flame is not grey, and can only be considered black for
very large flames (i.e. wider than 1.75m for present tests).

Keywords: radiative heat transfer, pool fire, multi-scale, opacimetry, spectrometry

1. Introduction

Characterising radiative heat flux emitted by a fire is
of primary importance because it is the main heat source
involved in vaporisation or pyrolysis of the fuel (for flames
sufficiently large, i.e. wider than approx. 0.2m [1]). Mass
loss rate (MLR) and consequently heat release rate (HRR)
are then driven by radiative heat flux. More generally, ra-
diation is also a major parameter controlling fire spread [2]
and propagation to distant combustible targets.

Flames studied in fire science are turbulent diffusion
flames, with fast and large spatial variations of species
(combustion gases and soot) concentrations and temper-
ature. A comprehensive description of such flames is out of
reach experimentally and numerically, and is not necessary
because time and space averaged heat fluxes are sufficient
to compute the energy received by the fuel. Simplifica-
tions are thus made, and in fire science flame radiation is
often assumed to be emitted by an equivalent grey surface
(“solid flame model”) with a flux density equal to

d = ecopT?. (1)

In this expression two quantities have to be determined,
namely the flame temperature 7" and the flame emissivity e
(op is the Stefan-Boltzmann constant). The flame temper-
ature can be measured using thermocouples, but attention
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must be paid to account for heat losses (mainly radiative),
otherwise the temperature can be largely underestimated.
An example of such correction is given in [3]. Regard-
ing the flame emissivity, several approaches have been de-
veloped, as described in a recent and comprehensive review
by Raj et al. [4]. The experimental methodologies listed in
their work can be summarised into four main classes. The
first one is based on a simple heat balance at the surface
of the combustible proposed by Babrauskas [I]. In this
approach, flame emissivity is simply related to the MLR
of the pool fire. It is noted that this emissivity is then
a mean emissivity of the flame seen from the combustible
surface. The second one is based on the radiative heat
fluxes measured by fluxmeters around the fire [5H7]. By
using radiative view factors the heat flux emitted by the
flame can be estimated. In this way a global emissivity
for the flame is obtained. The third one relies on flame
transmittance measurements. Indeed, the flame emissiv-
ity € can be related to its transmittance 7 by the relation
e = 1—T. In these methods, one [8HIT] or several [4] 6], 12-
15] heaters are put behind the flame, and an infrared cam-
era looks at this/these heater(s) through the flame. In [4]
and [15], 40 electrically heated strips were used, allowing
to compute temperature and emissivity maps of the flame.
The last class of methods is related to two-colours pyro-
metry [16], multicolour pyrometry, or even to hyperspec-
tral imaging [I7]. In these methods, both emissivity and
temperature are theoretically obtained at the same time.
Regarding two-colours pyrometry, a grey emissivity (same
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emissivity for both wavelengths) is assumed, which is not
true for a flame as will be shown in the present paper.
Assessing the error due to this approximation is difficult.

Except multicolour pyrometry and hyperspectral ima-
ging, all the techniques mentioned before assume that the
flame is grey, or give a grey equivalent flame emissiv-
ity. But it is known that, in the general case, radiative
flame properties are not grey. This is particularly true
for small flame thicknesses (e.g. < 0.20m as cited in [6]),
for which radiation comes predominantly from combustion
gases that emit in precise wavelength ranges, and not at
all in other ranges. For intermediate size flames, soot be-
comes a significant, or even predominant, contributor to
the emission [I8]. The spectral dependence of the absorp-
tion coefficient k() for soot (and then the spectral emis-
sion coefficient by virtue of Kirchhoff principle) are gen-
erally described by the Rayleigh theory which states that
k(A) = 6mE(m) fy/A. In this relation, fy is the soot volu-
metric fraction, A the wavelength, and E(m) a function
of the so-called optical parameter m (see [Appendix AJ).
As an approximation, () is often described by a simpler

expression [19]

C
k() = )\év,
where « is a coefficient dependent on the fuel type.

When the flame width e increases, its optical thick-
ness 7(\) = k(A)e increases as well. Ultimately, the flame
becomes opaque, and thus emits like a blackbody. Accord-
ing to data available in the literature, the required flame
thickness to reach this limit is equal to several meters. For
hydrocarbons pool fires, this size is in the order of 3 m [20].
For forest fuels, authors report flame emissivities close to
that of a blackbody (i.e. 0.90) for fire widths greater than
2m to 4.8m [6].

For combustible materials with (almost) wavelength-
independent absorption, a grey description of the radi-
ation emitted by the flame is a satisfactory approach to
assess heat transfer from the flame to the combustible.
But many fuels, including alcohols [21], hydrocarbons [22
23| and polymers [24] 25], actually behave as highly non-
grey materials with some transparent, semi-transparent
and opaque spectral windows. Particularly several of these
fuels are perfectly transparent in visible and near-infrared
ranges, and opaque in mid-infrared and beyond. This
results in differences depending on the radiation source.
As an example, it was shown in [25] that absorption by
PMMA changes when exposed to a fire propagation ap-
paratus (FPA), which has a high level of radiation in vis-
ible and near-infrared ranges, or a cone calorimeter, which
emits mainly in mid-infrared. The same applies when con-
sidering radiation from fires. Indeed, given the emissive
properties of soot (see Equation , the emissivity of a
flame is expected to be higher at visible and near-infrared
wavelengths, where the materials mentioned before are al-
most transparent. This illustrates the importance of a
spectral description of flame radiation to correctly model
absorption by this kind of materials.

(2)

Spectral characterisations of large flames were repor-
ted only in a few papers. Suo-Anttila et al. [22] gathered
emission spectra of radiation from 2 m diameter pool fires,
for several liquid fuels. Spectral range was between 1.3
and 4.8 ym. In their work, emission spectra were recorded
through a sight tube allowing to measure “downwards” ra-
diation, from the flame to the combustible. The tube tip
height was varied from a few centimetres up to 1 m above
the fuel surface. Combustion gases were the primary emit-
ters for ethanol fires, while soot dominated for an eth-
anol/toluene mixture, JP-8, and heptane. For these three
fuels, radiation was attenuated in the lower region of the
flame due to absorption by HyO, COs, fuel vapour, and
soot. In [26], emission spectra of small wood fires (tray size
50 x 50 cm?) showed that emitted radiation was located in
precise spectral ranges typical of combustion gases radi-
ation. Soot emission levels were very low for such flame
size. In [27], larger wood fires (from 0.5 m up to 4m wide)
were investigated. For the largest fire sizes, a high emis-
sion level coming from soot was observed, but the flame
was still not black. Assuming an opaque flame (e = 1)
for the largest fire size and the smallest wavelengths (for
which x is the greatest according Equation , a temper-
ature close to 1400 K was obtained. Still for the largest
fire size, the emissivity was found to be only 0.5 at wave-
lengths near 10 pm, showing the highly non-grey behaviour
of flame emissivity. Spectral measurements performed on
large scale kerosene pool fires were reported in [28]. The
present paper is an extension of this study with more res-
ults provided and an extended analysis.

As stated in the introduction, a fully resolved charac-
terisation of fire flames, that is a complete spatial and tem-
poral description of medium to large flames, is nowadays
out of reach, and the complexity of such data would any-
way be unusable in most practical cases. On the other
hand, a grey surface flame model suffers from a number of
insufficiencies described hereabove. The objective of the
present work is thus to propose a model in which radiation
coming from the flame is no longer considered to be emit-
ted from an equivalent surface but instead is emitted from
the flame volume itself. To have a model simple enough to
be used in fire sciences, a homogenous isothermal medium
is used to model the flame. In order to describe this equi-
valent medium, temperatures and absorption coefficients
have to be determined. The present flame volume model
will have a particular interest, especially compared to the
surface model, if identified properties (equivalent temper-
ature and absorption coefficient) are not, or weakly, de-
pendent on the flame thickness.

This work focuses on soot radiation. Indeed, soot is the
major radiation emitter for medium to large scale fires, as
emission from gases is located in reduced spectral bands
(e.g. the CO5 band around 4.5 pm) for which the flame be-
comes opaque even for quite small thicknesses. Moreover,
a significant part of this emission by combustion gases is
absorbed by cold atmospheric CO2 and Hy0O. Because of
the non-grey properties of soot, a spectral approach is ne-



cessary, but can be analytical, as it will be shown.

In a first step, we studied kerosene pool fires, and meas-
urements were performed along a horizontal line of sight,
ten to twenty centimetres above the pool. This height was
chosen because the thickness of the flame is easier to de-
termine there (width nearly equal to the pool size). Com-
plementary work will have to be done to see if there is a
significant sensitivity of the equivalent medium paramet-
ers with the position and the orientation of the emitted
radiation. Ideally, this model could be accurate enough to
allow calculation of radiative heat fluxes received every-
where in space given only the flame geometry.

Experimentally, the radiation coming from the flame
was measured by a Fourier transform infrared (FTIR) spec-
trometer in the spectral range 800 cm ™! to 6000 cm ™! (i.e.
12.5pm to 1.67pm). This radiation is the result of the
emission by combustion gases and soot along the line of
sight of the spectrometer. Along this path, concentration
of species and temperature inside the flame are highly het-
erogeneous, and vary quickly due to the highly turbulent
nature of the flame. As said above, an equivalent homo-
geneous and isothermal medium was considered instead of
these actual properties. In such a medium, the resolution
of the radiative transfer equation (RTE) that describes the
evolution of the spectral radiant intensity I)(s) along the
curvilinear coordinate s is analytical [I9] (soot scattering

being neglected as discussed in [Appendix Al). At the exit

point of a medium of thickness e, the intensity is given by

In(s =) = (1= T(\)IR"(T)

= (1 —exp (=K(N)e)) I*(T), ?
where I®P(T') stands for the blackbody intensity at a tem-
perature T [19], and T (\) for the flame transmittance.
The latter is related to the flame width e and absorp-
tion coefficient x(A\) by the Beer-Lambert law: T(\) =
exp (—k(A)e). At this stage, the radiation intensity is still
dependent on two quantities: the equivalent flame temper-
ature 7" and the flame transmittance 7 (A). This is similar
to the usual surface flame model in Equation [T, where
temperature and flame emissivity were needed. Two inde-
pendent measurements should thus be performed. In this
work, emission spectra were gathered along with trans-
mittance values, determined by using several laser beams
crossing the flame. Laser wavelengths were chosen out-
side gases absorption bands, so only soot absorption, and
consequently emission, was studied.

2. Experimental setup

2.1. Overview

Two test sites were used to conduct the experiments,
depending on the fire size. The first was a former aircraft
hangar (approx. 300 x 50 x 17m?, length x width x height,
see Figure, gracefully lent by Groupe ADP (Orly, France).
It easily accommodated the largest fires so they could be

Figure 1: View of a 6 m? kerosene pool fire in Orly. The opacimetry
setup (behind brick walls) can be seen to the left and right of the
fire.

considered well ventilated while being shielded from wind
and rain. The second was the PROMETHEI experimental
facility (LEMTA, Nancy, France). This smaller hangar
(approx. 20 x 15 x 7m?®) was used for the tests with pool
size less than 1m?. The setup was similar for both sites
(the main differences are due to the higher heat fluxes
experienced during the large fires), and is described here-
after.

The fuel used for the present work was Jet A-1 (NATO
code F-35) kerosene. Pool fires were performed in square
steel pans. The ones used in Orly (widths of 250 cm,
175cm, 100cm and 70cm) had a height of 20cm and a
thickness of 4mm, and the ones used in Nancy (widths of
70 cm, 50 cm and 30 cm) a height of 5 cm and a thickness
of 2mm. The lip size (height of pan edge above the fuel
surface) was approximately 5cm at the beginning of the
large tests, and 4.5 cm for the small ones. The fuel height
was not kept constant, and the tests were conducted until
flame out. For the largest fires performed in Orly, the fuel
was laid on water to regulate combustion, and the tests
were started by igniting a small layer of ethanol poured
beforehand on top of the kerosene. This additional fuel
was burned during the first minute of the fire, and thus
considered to have a negligible influence on the results.

Most of the tests were performed using load cells to
monitor mass loss. Only the largest pool fire (approx.
6 m?) could not be weighed. Numerous cameras were used
to record the tests, mainly to study the visible flame shape
and the smoke spread. In the present paper, an emphasis is
put on measuring flame radiative properties, in the visible
and infrared domains, as detailed in the next two sections.

2.2. Opacimetry

Opacimetry measurements on a flame are in principle
very simple: intensity received from a light source loc-
ated behind the flame is divided by the intensity measured
without the flame. The light source can be polychromatic



and incoherent (e.g. a tungsten halogen source or a black-
body), or monochromatic and coherent (laser). The flame
also emits radiation and this emission can reach a high
level (and transmission can reach a very low level as will
be seen later) if the flame is sooty and thick, which is the
case in the present work. Transmitted light has thus to
be separated from radiation emitted by the flame itself.
Usually this is done by modulating the light with a chop-
per and demodulating the signal with a lock-in amplifier.
These requirements allow to choose the most appropri-
ate light source. Indeed, the spectral intensity emitted
by incoherent sources is very Smalﬂ as is the available
power in the solid angle of the collecting optics and in the
spectral bandwidth of the optical ﬁltersﬂ used to separ-
ate wavelengths and stop most of the radiation emitted by
the flame. Moreover, modulating a large area blackbody
would be difficult. On the contrary, the spectral intensity
emitted by lasers is very high due to their monochromati-
city and the very low divergence of their beam. Thus, all
the light emitted by a laser (typically a few dozens of mil-
liwatts) is available for the measurement. In addition to
that, laser beams can be easily chopped, or even directly
modulated. Here, a mechanical chopper at a frequency
close to 200 Hz was used (but not equal to 200 Hz in order
to avoid a 50 Hz multiple).

In addition to the need to modulate the beams, a second
point has to be taken into account: due to refractive in-
dex gradients inside the flame, beam deviation is observed
(mirage effect). The distance between the emitter and the
receiver being equal to several meters, this deviation can
reach several centimetres. This is why the light was col-
lected using a 20cm diameter off-axis parabolic mirror,
and focused at the entry of a 150 mm diameter integrating
sphere with a 38 mm diameter entry port (see right side
in Figure . The light coming from all wavelengths was
mixed in the integrating sphere: optical band-pass filters
were thus used to measure the signal at each wavelength.
The light sources were laser diodes, as they are available
for many wavelengths, and because they are small enough
to be integrated in a compact device. All the laser diodes
were thermally stabilised thanks to thermoelectric cool-
ers (TEC), insuring a very stable emission level. Thus,
transmission through the flame can be simply calculated
by dividing the light intensity during the tests, I(t), by
the initial intensity, I(¢ = 0), measured at the beginning
of the experiments. We checked that the signal does not
suffer any time drift which could arise from the stability
of the laser source or the response of the detectors. This
stability is visible in Figure [ where the signal comes back

IPeak intensity around 16 W - m~2 -sr—! . nm~1 for a blackbody

at temperature 1000°C, and 700 W -m~2 -sr—! -nm~! for a tung-
sten halogen source (assuming 7' = 2700 K and emissivity around 0.5
for tungsten).

2Assuming a 5 x 10"%sr™! solid angle and in a 10 nm spectral
bandwidth, power is 0.8 mW for a 10 x 10 cm? blackbody, and 20 pW
for a 100 W tungsten halogen lamp (assuming a 10 mm? emitting
surface).

to its original value at the end of the experiment.
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Figure 2: Elements of the opacimetry setup.

Based on this approach, two setups were developed.
The first one involved 4 visible and near-infrared wave-
lengths: 410nm, 520nm, 785nm and 1650 nm. Silicon
photodetectors were used for the first three wavelengths,
and an InGaAs photodetector was used for the 1650 nm
wavelength. The integrating sphere was a Spectralon®
sphere suitable for visible and near-infrared wavelengths,
up to 2500nm. The second one involved 4 near-infrared
wavelengths: 785 nm, 1650 nm, 2300nm and 3800nm. A
PbS detector was used for the 2300 nm wavelength, and an
InSb detector for the 3800 nm. The integrating sphere was
an Infragold® sphere. All the chosen wavelengths are loc-
ated outside absorption bands of combustion gases so that
only soot can significantly absorb at these wavelengths.
Measurements were made approximately 10 or 20 cm above
the pan (for small or large fires respectively) for the sake
of simplicity. Indeed at these heights the flame thickness
can be considered equal to the pan diameter. Having a line
of sight close to the pool surface could have been a prob-
lem because it is likely to cross a fuel-rich atmosphere [29]
p. 131], which increases even further the flame inhomogen-
eity (species and temperature), both in time and space.
However, it will be shown that this did not affect the res-
ults: the measurements presented here allowed to model
the emitted radiation as the emission of an equivalent ho-
mogeneous isothermal medium. Photographs of a setup
are given in Figure

2.3. Emission spectrometry

For all tests, spectral radiative intensities were meas-
ured using a Fourier transform infrared (FTIR) emission
spectrometer (Matrix® spectrometer by Bruker®), from
800cm ! to 6000 cm ! (i.e. 12.5 pm to 1.67 pm). The spec-
trometer was calibrated with a cavity blackbody (Mikron®
model M330EU) at 1200 °C. Measurements were performed
at the same height as opacimetry ones (i.e. 10 or 20cm
above the pan), to provide comparable data. Spectral ra-
diation intensities will be used in conjunction with ab-



(b) Off-axis parabolic mirror, integrating sphere and detectors.

Figure 3: Opacimetry setup: emission,@detection.
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Figure 4: Spectral flame transmittance (log scale) for a 70 cm wide
pan at four wavelengths in visible and near-infrared ranges.

sorption coefficients (see Section [3.1) and Equation 3| to
compute soot equivalent temperatures T (see Section [3.2]).

3. Results

The MLR for large scale experiments (e.g. Figure 1
in [28]) was very stable except at the very beginning and
end of the fire. It showed some fluctuations for the small
scale experiments because they were carried out with a
thiner layer of kerosene and no water. Even so, transmit-
tance and emission measurements always varied around a
stable value for the main part of the tests (see Figure [i] for
opacimetry), considered here as the steady phase. These
results are discussed hereafter.

3.1. Opacimetry

The opacimetry setup allowed to measure transmit-
tance T (A;,t) across the flame at various wavelengths ;.
A typical timeplot is shown in Figure [4] for a 70 cm wide
fire. The presence of the flame during combustion is clearly
visible, with a very large decrease in transmittance for all
wavelengths and especially for the smallest ones. The dif-
ferences in attenuation from one wavelength to another
are particularly obvious (i.e. non-grey transmittance). For
the smallest wavelength, transmittance levels down to a
few 10~ could be measured.

3.1.1. Mean optical thickness
Transmittance measurements can be converted to op-
tical thicknesses according to

(Ai) = —In(T(\:)) - (4)

For each test, mean optical thicknesses were calculated
over the steady phase. Only one repeat was usable for the
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Figure 5: Mean optical thickness as a function of wavelength for
various fire sizes, in log-log base 2 scale.

largest fires (pan widths of 250cm, 175cm and 100 cm)
performed in the ADP aircraft hangar. For smaller fires

(widths from 70 cm to 30 cmn) performed in the PROMETHEI

facility, several test results could be used for each size. The
values presented in Figure [§] are thus a weighted average
of the mean optical thickness for each test, with a weight
proportional to the steady phase duration.

We can see in Figure [5] that optical thickness increases
with flame width. Short wavelengths were not used for
large fires because transmittance would have been negli-
gible (very large optical thickness). With the log-log scale
used in Figure[5] the graphs representing the optical thick-
ness versus wavelength follow straight lines, which is in
agreement with the power law «(\) = C'f, /A* mentioned
in the introduction (see Equation [2[ and Reference [19]).
The slope « is around —1.15 for fire widths less than or
equal to 70cm. Above this size, the larger the fire, the
smaller the slope. It is difficult to state if this decrease has
a physical meaning, or if it is a measurement artifact due
to the very low transmittance values (see Figure [5 right
axis). Indeed, such values are close to the noise level of
the infrared detectors, and close to the ability of the lock-
in detection to remove the high level of radiation emitted
by the flame itself in the infrared domain. Thus, “true”
transmission for these fire sizes could be lower than the
measured values (i.e. larger optical thickness), and actual
slopes could thus be higher.

3.1.2. Flame extinction coefficient

As seen in Figure [f] transmittance fluctuates signific-
antly with time due to the turbulent nature of the flames
investigated here. Transmission levels also vary a little
from one test to another, because experimental conditions
cannot be exactly the same for each test. For these reas-
ons, time-resolved analyses of the transmission were per-
formed, in order to obtain mean and standard deviation
values of the results for each test.

FTIR spectra are usually presented as functions of wave-
numberﬂ generally expressed in cm ™!, which is the inverse
of the wavelength (¢ = 1/X). For this reason wavenum-
bers will be used instead of wavelengths in the following.
Moreover, the power law mentioned earlier to describe the
spectral dependence of () (see Equation[2) and 7()) (see

Section is rewritten as
1 s = (Z) . 6)

g0

where §y is the extinction coefficient at a reference wave-
number o (here o9 = 4000cm~! was chosen, i.e. \g =
2.5nm). This allows to use the dimensionless term o /0y,
which is preferable with the non-integer exponent a. Op-
tical thickness was divided by the geometrical thickness of
the flame, assumed to be equal to the pan size ¢ (as meas-
urements were performed near the base of the flame) in
order to obtain an equivalent extinction coefficient 3(o).
For each test, the extinction coefficient was fitted with the
model in Equation In this way, time variations of By
and « were obtained. Means and standard deviations of
Bo and « are represented in Figure[6] The extinction coef-
ficient By is around 1.74m~! for flame thicknesses from
30 cm to 70 cm. For wider flames, 3y increases to 2.1m !
for the 100 cm thick flame, and to 3.1 m~*! for the 175 and
250 cm thick flames. Such an increase could be expected
as the soot volume fraction is likely to increase for large
flames. Even so, variations of the extinction coefficient
are small for flames thinner or equal to 70 cm, and remain
moderate for thicker flames. This is an interesting fea-
ture which is a benefit of the flame volume model over a
surface model. Indeed, for the latter, emissivity (e.g. € in
Equation has to be strongly dependent on the flame
thickness. Regarding the exponent «, it is around 1.12 for
tests with a width less than or equal to 70 cm. Above this
size, the exponent decreases, as already seen in Figure
Whether these smaller values of o have a physical meaning
or not is not determined yet (as discussed for the slope «

in Section [3.1.1)).

3.2. Spectrometry

An example of emission spectra is shown in Figure [7]
for a 50 cm wide flame. The spectral resolution is equal
to 4cm™t. A total of 40 spectra are presented, each spec-
trum being acquired every 2.5s. Acquisition tim@ of a
spectrum is about 0.2s, which is smaller than the flame
pulsation period. The spectrum acquisition rate was not

3Wavenumbers appear naturally in FTIR spectroscopy because
they are the reciprocal quantity of the interferogram optical path
difference. Thus FTIR spectra have equally spaced points when
expressed in wavenumbers. Incidentally, this makes easier spectra
integration if needed.

4 Acquisition time of the full interferogram allowing the 4 cm™
resolution. Information required for a 100 cm™—! resolution allowing
a good enough spectrum outside gases emission wavelength bands is
contained in less than 5 ms around the interferogram center-burst.

1
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Figure 6: Parameters of Equationfor all fire sizes (several repeats
for the smaller ones).
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Figure 7: Examples of “instantaneous” spectra for a 50 cm wide flame.

sufficiently high to resolve time variations of the emitted
radiation due to the flame turbulence and pulsation. As a
consequence, the intensity measured by the spectrometer
undergoes large and apparently random time variations.
These variations are further amplified because measure-
ments are made across the fuel-rich region of the flame,
which is strongly affected by the flame pulsation. It can
be pointed out that spectra with a small intensity (low
temperature and/or low soot optical thickness) are associ-
ated with a high emission level by hydrocarbon vapours,
seen around 2900 cm '. Yet, such a time resolved charac-
terisation of the emitted radiation was not the goal of the
present work. We focused instead on averaged data. In
a first step, analyses were performed on spectra averaged
over all the flame steady phase (see Section [3.2.1). Later,
complementary investigations were conducted on “instant-
aneous” spectra (see Section in order to check if
data (i.e. extinction coefficient and equivalent temperat-
ure) extracted from averaged spectra give similar results
than averaged data calculated from “instantaneous” spec-
tra.

3.2.1. Mean spectra
Considering the emission of radiation by a homogen-
eous and isothermal equivalent medium, as proposed in
the introduction, the intensity is given by
I(s = €) = (1 exp (—k(0)e)) I22(T).  (see[F)
As already discussed, I, depends on x(c) and T. For the
infrared wavelengths involved here, soot scattering can be
considered negligible, as explained in Thus
the absorption coefficient (o) is equal to the extinction
coefficient 3(o) previously determined through opacimetry
measurements. As averaged spectra are considered, a mean
absorption coefficient is used. It was shown in Section[3.1.2]
that the extinction coefficient, and thus the absorption



coefficient, can be well approximated by

o [e3
6 (Z) . 6
o) =0 (Z) ©
Combining Equations [3] and [6] thus gives

I(s=e)= (1 — exp {BO (;’O)a eD T, (7)

This model is a three-parameter model: 3y, @ and T have
to be determined. The exponent « was found to be al-
most constant for flames thinner or equal to 70cm (see
Figure , and it decreases for larger flames. Whether
or not this variation has a physical meaning still has to be
investigated (see discussion in Section , but ignoring
it for the present study is considered a reasonable approx-
imation. Indeed, as the fire gets wider (e increases in Equa-
tion , the flame becomes optically thicker and its emis-
sion tends towards that of a blackbody (exp (—k(o)e) —
0 = I,(s =e) — IP®(T)). In this limit, the radiation
intensity I, thus becomes insensitive to the variations of
the absorption coefficient or the parameters used to com-
pute it. For this reason, a constant o was deemed accept-
able. A slight correction was made to the value presen-
ted earlier (in Section where a = 1.12), because it
was determined over the whole range of wavelengths used
for opacimetry (i.e. 410nm to 3800 nm), and not only for
the infrared range. It is observed in Figure [f that the
agreement between the modelled mean extinction coeffi-
cient and the measured values is poorer for infrared wave-
lengths. In order to use Equation [6] in conjunction with
spectrometry measurements (performed from 2000 nm to
12500nm), a new fit was performed using only infrared
values, resulting in o« = 1.07. Regarding [y (extinction
coefficient at the reference wavenumber oy = 4000 cm 1),
it was shown in Section [3.1.2]that 3, is almost independent
of flame thickness (see Figure , with 8y ~ 1.74m™!
for flame thicknesses less or equal to 70cm, By ~ 2.1m~!
for the 100 cm thick flame, and 3y ~ 3.1m~! for 175 and
250 cm thick flames. For this first analysis, which uses
averaged spectra, 5y was fixed to one of these mean val-
ues obtained from opacimetry measurements, depending
on flame thickness. Hence, 7" is the only remaining un-
known. This equivalent temperature was determined by
adjusting the model in Equation [7] to the experimental
spectra. We call this model the “one-parameter model”, as
a was fixed to 1.07, and Sy to one of the three values listed
above, depending on flame thickness. The adjustment was
done with the nlinfit Matlab® function, over the spec-
tral ranges [2430 — 2700] cm ™!, [4185 — 4340] cm ™! and
[4650 — 5030] cm~!. These values were chosen because
they are outside emission bands of combustion gases, and
absorption bands of atmospheric gases located between the
flame and the spectrometer. Indeed, the model presented
here focuses on radiation by soot: emission and absorption
by gases are not taken into account. The latter will be ac-
counted for in the future, with a Statistical Narrow Band
(SNB) or a Correlated-k (Ck) approach [30] for example.
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Figure 8: Mean emission spectra for all fire sizes, and the adjustments
using the one-parameter model (i.e. Equationwith a and By fixed).

Typical mean emission spectra and their adjustments
are shown in Figure [§]for all fire sizes. We see that a quite
good agreement is obtained outside combustion gases emis-
sion bands and atmospheric gases absorption bands. Note
that atmospheric gases absorption is particularly high for
large size fires, as spectrometry measurements at the ADP
hangar were performed 23 m away from the fire. For tests
performed in the PROMETHEI facility, the distance was
only 4m; and thus absorption is less pronounced. The
agreement is poorer for large wavelengths (above 4 pm, i.e.
wavenumbers below 2500 cm™!). This could show a limit
of the power law used to describe spectral variations of
the absorption coefficient (e.g. Equation [2| or Equation @
Indeed, this model was considered valid over the entire
spectral range investigated here, but there is no experi-
mental validation for large wavelengths. It is worth men-
tioning that, although the results of the model may re-
semble blackbody curves, only very thick flames can indeed
be computed using Planck’s law, with emissivities close to
unity. All other flames cannot be modelled as blackbodies
or grey bodies, that is using constant (non-wavelength-
dependent) emissivities. A given grey body could describe
the data for short wavelengths but not large ones, and an-
other one could do the opposite, but no grey body can
describe the radiation intensity over the entire spectrum,
and thus the spectral energy distribution.

The temperature identified for the various tests at dif-
ferent sizes is shown in Figure[9] The average temperature
is 1208 K. Although values fluctuate around this mean, no
clear trend can be linked to flame thickness. This temper-
ature can thus be considered an intrinsic characteristic of
kerosene flames.

3.2.2. Instantaneous spectra

As seen in Figure [7] emission spectra show some large
variations with time as a consequence of the pulsation
and the turbulence of the flame. These changes are un-
doubtedly due to variations of both the optical thickness
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and the temperature of the flame. In the previous sec-
tion, results where time-averaged over the steady phase
of the fire (e.g. mean optical thicknesses in Section
and averaged spectra in Section . In order to apply
the model in Equation [7] to instantaneous spectra, time-
resolved parameters are now needed. Theoretically, a fit
would have been possible by keeping free all parameters
(Bo, @ and T'). However, this produced non-physical res-
ults, with high or low values of 8y and «, due to a correl-
ation between these two coefficients. It was thus chosen
to keep only two parameters free (6y and 7T'), and to fix
the value for a. The latter was held constant (o = 1.07),
as this coefficient is intrinsic to soot properties (optical
index and size distribution), and time variations of this
parameter can be considered negligible. The dispersion
shown by the error bars in Figure is probably due
to the measurement process. Indeed, the laser beams are
not perfectly coaxial, and so they do not follow exactly
the same path inside the flame. This means that part
of the transmittance difference between two wavelengths
is in fact due to spatial variation of the extinction coeffi-
cient, and not to a spectral variation. Keeping a constant
value for « is therefore considered to be a reasonable as-
sumption. On the contrary, time variations of 3y are very
likely due to large changes of soot concentration in space
and time. Time and space variations of temperature are
also certain. To summarise, fits of instantaneous spectra
were performed with the model in Equation [7} with two
free parameters (fp and T'), and a being fixed to 1.07.
This two-parameter adjustment was performed only for
flame thicknesses less than or equal to 100 cm. This is be-
cause for larger fires, and for the spectral range in which
the adjustment is made, the emitted radiation approaches
that of a blackbody, and thus the model becomes insens-
itive to the extinction coefficient (or to the exponent «
as discussed in Section . Therefore, for the 175 and
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Figure 10: Temperature 7' and extinction coefficient Bp identi-
fied from adjustments on “instantaneous” spectra using the two-
parameter model (i.e. Equation [7| with « fixed). Flame thickness
equal to 50 cm.

250 cm wide flames, the “instantaneous” spectra were ad-
justed with the one-parameter model described earlier (see
Section [3.2.1]), with fixed values of o and Sy derived from
opacimetry measurements. Thus, only the flame temper-
ature was identified for these two large fire sizes. An ex-
ample of result with the two-parameter model is shown in
Figure [10] for a 50 cm thick flame.

From the time variation of 3y and T obtained for sev-
eral tests with flame size varying from 30cm to 100 cm,
means and standard deviations were calculated and are
shown in Figure It can be seen that the identified 5
varies very little with the flame size from 30 cm to 70 cm,
and increases for the 100 cm thick flame, similarly to what
was observed in Section [3.1.2] For thin flames, the mean
value of 3y is approximately 1.44 m—", which is smaller but
close to the result obtained previously from opacimetry
measurements (i.e. o = 1.74m™1!). As for the temperat-
ure, a mean value equal to 1243 K was identified, with no
clear variation with the flame size, as was already observed
in Section [3.2.1] Typical standard deviation is around
30K. The average temperature is slightly higher than
the one obtained with the one-parameter model (1208 K),
which is related to the smaller extinction coefficients iden-
tified here. Indeed, for a given intensity, a decrease in
extinction coefficient is linked to an increase in temperat-
ure. It is remarkable to see that the temperature disper-
sion around the mean value is significantly reduced com-
pared to the one in Figure 0] This is a benefit of the two-
parameter model, compared to the one-parameter model,
because the extinction coefficient (or equivalently the op-
tical thickness) of the flame is allowed to vary and to better
estimate the actual value.

Two-parameter fits were also performed on averaged
spectra. An example for each flame thickness from 30 cm
to 100 cm is shown in Figure[12] The fit is significantly im-
proved compared to the fit obtained with the one-parameter
model (Figure . The extinction coefficients 5y and tem-
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peratures 7' using the two-parameter approach on aver-
aged spectra are remarkably close to the mean values iden-
tified by fitting each individual “instantaneous” spectrum:
the largest differences were 2% for 5y and 4K for T. This
shows that analyses on averaged spectra provide reliable
mean values for the extinction coefficient and the temper-
ature. This means that, although the average of Planck
functions at different temperatures is not mathematically
equal to the Planck function at the average temperature,
in practice there is little difference between the two calcu-
lations. This means that if only average values are sought
it is possible to work with averaged spectra, which is faster
and simpler than a spectrum by spectrum approach. The
latter is useful to get additional information, mainly stand-
ard deviations.

4. Conclusions

In order to describe radiation from soot in flames, a
model considering an equivalent homogeneous isothermal
medium was presented. Its key parameters, namely an
equivalent absorption coefficient and an equivalent temper-
ature, were determined for kerosene using data acquired
through an extensive experimental campaign (square pool
fires, widths from 30cm to 250cm). The two measure-
ment techniques used to characterise these optical prop-
erties were described (see Section . The visible and
near-infrared opacimetry setups produced transmittance
values at multiple wavelengths, which allowed to determ-
ine the absorption coefficients in the form of a power law
(see Equation @ using two parameters, namely extinction
coefficients By and exponents «. Using these values and
the infrared spectrometry measurements, the equivalent
temperatures could be computed (see Section . All
these parameters (i.e. 8y, @ and T) were found to be al-
most independent of flame size. Using averaged spectra
was shown to provide comparable values to a spectrum



by spectrum analysis. More generally, the results prove
that spectrally resolved measurements are a valuable in-
vestment when studying flames, and that further work is
still needed to accurately model them.

In addition to kerosene, other fuels (wood, heptane,
diesel and polyurethane foam) are being investigated. The
optical properties presented here will also be used in con-
juction with flame geometry measurements to model radi-
ation, and compare the results to the heat fluxes recorded
during the tests.

Another key aspect that could not be addressed so
far is flame inhomogeneity: complementary tests could
be performed to produce “radiative maps”’ of flames, as
done before [14, 15 B1] but with the multispectral ap-
proach presented here (e.g. [22]). A first step would be to
conduct the measurements presented here (i.e. opacimetry
and emission spectrometry) along the flame centerline at
various heights. These additional data would also confirm
if the line of sight used in the present study can be con-
sidered representative of the flame volume that is being
modelled [12 22].

To conclude, the model presented here offers an analyt-
ical formulation to account for the spectral dependence of
soot radiation, and thus provides a more detailed descrip-
tion of flames while being computationally efficient. As
the key parameters appear to be independent of flame size,
only a few tests would be required to determine their val-
ues and produce a database for several fuels. An example
of end application is to provide a detailed description of
heat transfers for fire spread models, meant to predict full-
scale burning behaviour based on small-scale tests.
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Appendix A. Assessment of soot scattering

This appendix is meant to explain why soot scattering
in the infrared was neglected, allowing to consider that the
absorption coefficient () is nearly equal to the measured
extinction coefficient B(\).
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Soot particles are recognised for years to be pseudo-

fractal aggregates of primary carbonaceous spherical particles.

The number of primary particles follows the law [32]

R\ Pt
N =k (22
w()

where d, is the diameter of primary particles, R, the gyr-
ation radius, Ds the fractal dimension and kg the prefactor
parameter of the aggregate. The Rayleigh Debye Gans
theory for Fractal Aggregates (RDG-FA) is nowadays the
most used theory to describe the interaction between light
and soot. The review by Sorensen [32] presents in details
soot, properties and the RDG-FA.

According to this theory, the absorption cross section
is given by

(A1)

Tabs = Ndmk R} E(m), (A.2)

whereas the scattering cross section is given by
= N2 57 14 B F(m) g(kR A3
Osca — 3 p (m) g( g)a (A.3)

where R, = d,/2, k = 2r/)\, E(m) = Im (m2—1 _

m2+1

). Fm)

2
m’—1 , m being the complex optical index of soot, and

m2Z+1
g(kRg) the total scattering form factor.
As pointed out by Krishnan et al. [33], the ratio ps,
between scattering and absorption is given by

F(m)

E(m)’

2N (kRy)? g(kRy)

. (A.4)

Psa =

As a consequence, the bigger the aggregate (large N),
the higher pso. Regarding spectral variations, ps, is pro-
portional to (kR,)® = 873 (R,/A3). Thus, the smaller
the particle or the larger the wavelength, the lower the
scattering/absorption ratio. The last parameter is the
F(m)/E(m) ratio. Krishnan et al. report measurements
of this parameter by several groups as well as their own,
up to infrared wavelengths. The spectral trend of this ra-
tio is a clear increase with wavelength. Overall, spectral
variations of pg, are a competition between the decrease
with A due to the (kR,)? term and an increase due to the
F(m)/E(m) ratio. Because of the cubic dependence, the
first factor ends up always winning. Using measured soot
morphologies and inferred soot optical indices, Krishnan
et al. calculate estimates of pg, ratios for various fuels
as a function of wavelength from visible to infrared. Ker-
osene soot is not referenced in this paper. A maximum,
between 0.35 and 0.7 depending on the fuel, is observed at
a wavelength around 500 nm. Beyond this maximum, ps,
decreases rapidly.

Regarding the present work, infrared spectra begin at
1.67 pm, and the main wavelength range is beyond 2 pm.
For this wavelength, the maximum value of pg, is equal
to 0.15, for benzene soot [33]. The parameter used to
quantify scattering is usually the single scattering albedo
W = Ogca/Text = Osca/(Tsca + Tans) Which is related to psa



by w = psa/(1 + psa). Thus, a ratio ps, = 0.15 corres-
ponds to a 0.13 albedo, whereas the ps, maximum val-
ues (between 0.35 and 0.7) correspond to albedos between
0.26 and 0.41 respectively. Bond and Bergstrom [34] re-
port albedos determined by various groups to be in the
range 0.15-0.29, with most values below 0.2, for wave-
lengths in the range 514nm to 633 nm, which is signific-
antly smaller than the values measured and estimated by
Krishnan et al. Moreover, the measurements of Krish-
nan et al. were performed overfire, whereas ours are per-
formed in-fire, and even near the pool surface. Krishnan
et al. reported that in-fire soot particles are significantly
smaller (N in the range 30-80) than overfire soot (N in
the range 420-550, excluding n-heptane [N = 260], known
to produce small size soot). As ps, is linearly related to
N, a decrease in soot size leads to a decrease in scat-
tering. Soot morphology of in-fire and overfire 2-meter
wide JP-8 kerosene pool fires was studied by Jensen et
al. [35]. Reported primary particles diameters are in the
range 57nm—74nm and gyration radii between 239 and
340nm. Corresponding primary particle number N cal-
culated by Equation are in the range 55-95, which
is significantly smaller than the values determined in the
paper by Krishnan et al. and implies consequently less
scattering. Regarding primary particles, Huang et al. [36]
recently reported primary particle diameter of kerosene
soot (sampled in and over the flame of a small pool pan)
in the range 50nm to 60nm, which is somewhat smaller
than the values of Jensen et al.

As a conclusion, the highest reported scattering al-
bedo for the infrared spectral range under consideration
in the present work, that is wavelengths higher than 2 pm,
is w = 0.15 [33]. The value for in-fire kerosene soot is
likely to be significantly smaller, owing to smaller soot ag-
gregates sizes and albedos reported in other works [34H36].
Moreover the albedo, and thus scattering, decrease very
fast with increasing wavelengths. This is why scattering
by soot particles was neglected in the infrared spectral
range considered here.
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